ABSTRACT
Detection of microvascular changes in experimental stroke models is limited by current technologies. Using state-of-the-art synchrotron radiation (SR), we explored the feasibility of detecting the normal morphological variations of lenticulostriate arteries (LSAs) and the changes to LSAs following middle cerebral artery occlusion (MCAO). Cerebral microvessels of ICR mice were imaged with synchrotron radiation microangiography using nonionic iodine and barium sulfate as contrast agents. Using SR we reproducibly observed the detailed cerebral microvasculature of LSAs arising from the origin of middle cerebral artery (MCA) with a resolution of approximately 5 micrometers, at least a 20-fold greater resolution compared to CT or MRI imaging. Notably, SR microangiography was able to reveal ischemia/reperfusion induced leakage in the lenticulostriate artery territory. To our knowledge this is the first time that the three-dimensional morphology of LSAs and real time visualization of LSA hemorrhage have been characterized in live mice. This work demonstrates that SR microangiography can provide a unique tool for furthering experimental stroke research to examine the efficacy of neuroprotective therapies on parameters such as angiogenesis and vascular integrity.
INTRODUCTION
Growing evidence suggests that the dysfunction of cerebral microvasculature is related to a number of diseases including Alzheimer's disease, vascular dementia, and ischemic and hemorrhagic stroke. This, paired with the growing epidemiological prevalence of diseases such as diabetes and atherosclerosis that cause systemic microvasculature-related alterations, indicates a crucial necessity for the further understanding of how changes in microvasculature contribute to the pathogenesis of the aforementioned disorders (1) .
Unfortunately the availability of cerebral microvasculature imaging in vivo with sufficient resolution is limited by conventional imaging technology.
Current methods of cerebrovascular observation of living animals include optical imaging, CT, MRI, and PET, which are useful tools for understanding the structure and morphology of brain vasculature. The resolution of CT and MRI is approximately 200 micrometers, which is higher than the 1-2 mm resolution of micro-PET. However, this level of resolution does not allow for adequate observation of small vessels (2, 3) . To better understand the pathology of cerebrovascular diseases, real time observation of small morphological changes in the cerebrovasculature is critical.
Synchrotron radiation angiography was developed to meet this challenge (4, 5) . The Shanghai Synchrotron Radiation Facility (SSRF) is a newly established third generation SR light source in China (6, 7) . It operates with the electron beam energy of 3.5 GeV. As seen with other third generation SR light sources such as ESRF and Spring-8, SR provides a new solution to achieving high-resolution imaging in living animals. Recent developments in SR imaging have allowed the characterization of brain vasculature in living rats (8, 9) and in ex vivo mouse brain (10) . However, observation of small vessels in living mice has yet to be reported. Cerebrovascular abnormalities including aneurysms, arteriovenous malformations, and vasospasm are related to both ischemic and hemorrhagic stroke. The majority of hemorrhagic stroke (66.5%) is induced by the rupture of lenticulostriate arteries (LSAs), which are small branches of the MCA that supply blood to the caudate nucleus, putamen, and globus pallidus of striatum (11). This high occurrence can be partially attributed to the special structure of LSAs because they are end arteries that have no collateral blood supply (12) . This is clinically relevant because of the increased risk of LSA aneurysms in patients with hypertension (13) .
The pathogenesis of lacunar stroke induced by LSA lesion is still poorly understood, and there is a lack of appropriate animal models and imaging tools (14, 15) . Clinically, LSAs in humans can be observed by digital subtraction angiography (DSA) (16) . Unfortunately, in small animals such as mice, LSAs are too small to be detected with conventional methods. LSAs are believed to have irregular patterns and unique structures. However, little is known about their exact morphology in living mice.
The first cerebral LSA imaging on rats demonstrated that systemic hypotension distended LSAs but constricted most of the large cerebral trunk vessels (9) . A similar study observed increased dilatation on LSAs compared to cortical arteries when rat blood pressure was reduced to 40-59 mmHg by arterial bleeding (8) . Finally, observation of intracerebral arteries in extracted ischemic mouse brain using barium sulfate as contrast agent demonstrated a dramatic decrease of intracerebral arteries in the ischemic area two days after stroke (10) . To date, however, characterization of LSAs in living mice has not been feasible. In this study we report novel use of cerebral SR microangiography in living mice by characterizing the three-dimensional pattern of the cerebral vasculature of LSAs under both normal and ischemic conditions.
MATERIALS AND METHODS

Middle cerebral artery occlusion
Animal procedures for the use of laboratory animals were approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University. The surgical procedure was described previously (17) . Ten adult male ICR mice weighing 35-40 grams were used. Mice were anesthetized with 7% chloral hydrate (350 mg/kg) intraperitoneally, and the body temperature was maintained at 37ºC by a heating pad (RWD life science, Shenzhen, China). A midline incision was made on the neck under an operating microscope (Leica, Germany). The left common carotid artery (CCA), the external carotid artery (ECA) and the internal carotid artery (ICA) were isolated. A silicone-coated 6-0 suture was inserted from the ECA stump to the ICA to induce MCAO. The distance from the bifurcation to the ostium of MCA was 9 mm. The suture was withdrawn after 1 hour for reperfusion. Twenty four hours after reperfusion, a PE-10 catheter was carefully inserted from the distal ECA into the ICA/CCA for iodine injection. The occlusion and reperfusion of MCA were verified by a laser doppler flowmetry (Moor Instruments, England).
SR parameters
The storage ring at SSRF was operated at 3.5 GeV electron beam energy. The average beam current was 180 mA. This synchrotron beam was monochromatized by two pieces of silicon crystal, which were placed in front of the imaging hutch. Considering both the resolution and the region of interest (ROI), CCD cameras with a resolution of 9 micrometer or 13 micrometer (Photonic Science, Britain) were selected in this study. The beamline generates a bundle of hard x-ray with a field of view up to 45 mm (Horizontal) ×5 mm (Vertical). The distance between the point source from the electric storage ring and brain was 34 meters (Figure 1 ).
SR imaging 3.3.1 Cerebral angiography in situ
Five mice were used in this study. A total volume of 1 mL BaSO4 with average particle diameters of 0.7 micrometer glycerin (50% aqueous solution) suspension was introduced through a PE-10 catheter for each mouse. The mouse was suspended on a bracket that was vertical to the SR beam. The bracket was then placed on an adjustable platform, located 65 cm away from the CCD camera. At least eight images of the cerebrovascular system were taken for each animal. These images were reconstructed to present the vasculature of the whole brain.
3.3.2.Cerebral angiography in vivo
Five mice were cannulated as described above, and the cannula was connected to an injection system consisting of a precise injection pump with screen display (Longer pump, China), a five-voltage DC power supply, and a switch. The latter two were used for remote control of the injection pump outside the imaging hutch by changing the electricity level that controlled the injection pump. The injection volume of contrast agent can be read from the screen of the injection pump via a real-time camera inside the hutch.
The mouse was placed perpendicular to the beam on its side. X-ray energy of 33.2 KeV, which is just above the iodine K-edge energy threshold, was used. Nonionic iodine contrast agent (350 mgl/mL, Omnipaque, GE, USA) was injected into the ECA and CCA bifurcation at a rate of Figure 1 . Schematic illustration of synchroton radiation. The X-ray beam emanated from a round electronic storage ring, and projected onto the animal brain after monochromatization by a set of silicon crystal monochromator. The imaging distance is 34 meters from the point-source to animal, and 65 centimeters from the animal to the CCD camera. The picture in the upper right corner shows the position of the mouse, which is perpendicular to the beam. The dashed frame is the area that hard X-rays projected on the mouse brain. Imaging data were collected by a CCD camera. 33.3 microliter/sec for 3 seconds, with a total volume of 100 microliter. The CCD camera was placed 65 cm from the head of animal.
CT imaging
Immediately after euthanasia, a total volume of 1 mL BaSO4 with average particle diameters of 0.7 micrometer and glycerin (50% aqueous solution) suspension was injected through a PE-10 catheter. Mouse brains were removed after BaSO4 injection. CT images were acquired at 15.8 KeV every 157 ms. A series of 6000 raw images were generated for each brain sample.
Image processing
Raw data were processed with Image Pro Plus 6.0 (Media Cybernetics Inc., USA) to eliminate background noise produced by CCD camera. The diameters of the vessels were measured using the same software. To present a large-scale view of the brain, the images were combined using Adobe Photoshop CS4 (Adobe Systems Inc. USA). CT slices were generated by a parallel beam filtered back projection reconstruction algorithm written by Interactive Data Language (IDL 7.0).
CT reconstruction was performed using Amira 4.1 software (Mercury Computer Systems, USA).
RESULTS
Characteristics of LSAs
Mouse brain microangiography was conducted using barium sulfate. LSAs were observed in the brain bilaterally (Figure 2 ). Other main branches arising from the circle of Willis including the internal carotid artery (ICA), anterior cerebral artery (ACA), MCA, and posterior cerebral artery (PCA) were all distinctly detected. Of all the mice we used in this study, we found that only 40% of ICR mice had two posterior communicating arteries (PcomA). The remaining mice had either one or no PcomA, which agrees with the results of a previously reported study on the variations of the ICR mouse PcomA (18) .
A series of microangiographs were recorded simultaneously with the injection of the contrast agent nonionic iodine. Contrast agent was injected into the common carotid artery (CCA) at a rate of 33.3 microliter/sec over 3 seconds for a total volume of 100 microliter per mouse. Taking a series of images at fixed time intervals during and after injection, we calculated that the arterial phase is approximately 12 seconds. On average, there are 4 to 5 LSA branches from the root of MCA in each hemisphere (Figure 3) . The MCAs have an average diameter of 151±12.7 micrometer while LSAs have an average diameter of 43±6.8 micrometer (Table 1) . Based on this data we categorized LSAs into two types: those derive from the stem trunk of the MCA, and those stem from the secondary branches of the MCA.
CT reconstruction
To further study the morphology of LSAs, we performed CT reconstruction by merging 400 transverse CT slices. Evaluation of these reconstructed images revealed 3 types of LSAs in adult mouse. They are derived from three origins: directly from the stem trunk of the MCA, from the secondary branch of the MCA, or from the circle of Willis (Figure 4) . Interestingly, these LSAs formed vascular spirals before entering the striatum. Such anatomical structure may account for the high occurrence of cerebral hemorrhage involving the LSAs. Compared to the cortical branches of the MCA, the LSAs are long and (Table 2) . Multiple smaller branches and microvessels in the cortex were also detected.
Ischemia/reperfusion induced hemorrhage due to LSA rupture
Lastly, we examined whether the rupture of LSA is an underlying cause of hemorrhage following transient MCAO by SR microangiography. Mice underwent 1 hour of MCAO followed by 24 hours of reperfusion (17) . We detected the leak of contrast agent from LSA and its branches using SR microangiography, which indicates the rupture of LSA and its branches following ischemia/reperfusion ( Figure 5 ). This result suggests that this microangiographic imaging approach could be utilized for the detection of cerebrovascular compromise following ischemia. Moreover, it demonstrates the utility of SR microangiography in elucidating the microvascular pathology underlying ischemia.
DISCUSSION
Using the third generation SR microangiography, we report the novel characterization of mouse LSAs in vivo. Our findings demonstrate that the LSA may be prone to hemorrhage because of three characteristics: 1.) LSAs have few branches; 2.) they have a tortuous spiral structure that may respond dramatically to hemodynamic changes; and 3.), there is no collateral blood supply (12) . Correspondingly, we provide evidence that LSAs are, in fact, prone to hemorrhage following ischemia as demonstrated by the leakage of contrast agent by LSAs in MCAO-treated mice. This technology has far-reaching potential for the study of a number of cerebrovascularrelated disorders. Explicitly, it permits the monitoring of the cerebral microvasculature over time, allowing for the delineation of the effects a disease process has on microvasculature and the study of how microvascular changes are associated with disease progression and manifestation.
SR imaging has been developed for about 15 years, and in the past decade it has seen expanding applications in biomedical imaging. A recent report of cerebral angiography using SR observed large vessels including MCA, ACA, PCA, and ICA in mouse brain (19) . Other studies using SR imaging include ex vivo mouse cerebral angiography using barium sulfate (10, 20) , an examination of primate cerebral angiogenesis (21) , and in vivo imaging of the rat cerebral vascular system (22, 23) . Despite these efforts, microangiographic characteristics of the LSA have remained unresolved in living mice. The lack of characterization is likely due to the small size of the LSAs, whose diameter is only about one-fifth of that of the MCA in rats. To our knowledge, this is the first report demonstrating a technology that could accurately detect such small arteries in living mice. Furthermore, our study established a model to study LSA hemorrhage following ischemia. Development of practical techniques to monitor the changes of cerebral vasculature in living animals is a continuous goal of the cerebrovascular research community (24) . In this study, we have not only observed the normal cerebral vascular morphology using SR angiography, but also detected the dynamic changes of LSAs. Our data demonstrate that ischemia/reperfusion could induce brain hemorrhage, indicated by contrast agent leakage. Ischemia/reperfusion induced hemorrhage has been reported previously (25, 26) . However, previous evidence was obtained from pathological or histological data. In this study, SR microangiography provided direct evidence of hemorrhage in vivo, by identifying the branches, the location, and the speed of hemorrhage in the brain in real time. This is important because the LSA branches of the MCA are closely related to hemorrhagic stroke pathology in humans. Overall, this technique thus provides a great potential to further cerebral vascular research in living animals.
SR microangiography can be controlled over a wide range of exposure times and can be reduced to milliseconds.
Therefore it has great potential for biomedical application owing to its low radiation dose (27) . In our study, a volume of as small as 100 microliter nonionic iodine contrast agent is sufficient to yield clear imaging for the SR angiography.
We performed barium sulfate SR imaging in situ initially because raw images with noise of bone and muscle helped to localize ROI of the mouse head in future imaging.
During in vivo imaging, the animal was positioned so that the arteries of interest could be imaged in a single view window. In addition to cerebral vascular imaging, other vascular systems important in ischemic stroke, such as the ophthalmic arteries, were also clearly observed ( Figure 3 ) (28).
Adult ICR mice were chosen for this study because there are several advantages to using this animal model. For example, many disease models are based on transgenic animals, and transgenic mice are more readily available than other transgenic animals. Mice produce clearer SR images due to less bone-derived noise. Importantly, the field of view (FOV) of the SR angiographic image is relatively narrow making it appropriate for imaging mouse brain since it takes fewer slices to generate an entire image of the brain. Thus, the successful imaging demonstrated in this study provides the proof of principle necessary for further study of cerebral microvasculature in transgenic mouse models.
Safety issues were evaluated for the feasibility of SR imaging. We found that up to one minute of direct synchrotron radiation exposure at 33.2 KeV resulted in no neuronal apoptosis at a one month follow-up (data not shown). The actual exposure time for a single image is about 2 ms. In general, about 100 exposures were applied in one animal, which means that animals received a total of 200 ms exposure time. This exposure duration is much less than standard safety exposure time regulations (29) and therefore this technique could be used for chronic studies.
In conclusion, microscopic cerebral angiography was performed for the first time in living mice by characterizing the three-dimensional morphology of LSAs using state-of-the-art synchrotron radiation. An important application of this technology to the study of cerebrovascular diseases was also established as ischemiainduced hemorrhage of LSAs was detected by SR microangiography in real time.
Overall, SR microangiography is a unique tool with the potential to examine the real time pathology of experimental cerebrovascular diseases in transgenic mice, and it allows for the detection of angiogenesis and vascular integrity, which is useful to evaluate the efficacy of various neuroprotective strategies.
